Pathogens often suppress the melanization response of host insects, but the underlying molecular mechanisms are largely unknown. Here we report that Microplitis demolitor bracovirus (MdBV) carried by the wasp M. demolitor produces a protein, Egf1.0, which inhibits the phenoloxidase (PO) cascade. Egf1.0 belongs to a larger gene family that shares a cysteine-rich motif with similarities to the trypsin inhibitor-like (TIL) domains of small serine proteinase inhibitors (smapins). Gain-of-function and RNAi experiments indicated that the Egf genes are the only MdBVencoded factors responsible for disabling the insect melanization response. Known smapins bind target proteinases in a substratelike fashion and are cleaved at a single reactive site bond. The P1-P1 position for Egf1.0 has the sequence Arg-Phe, which suggested that its target proteinase is a prophenoloxidase-activating proteinase (PAP). Wild-type Egf1.0 inhibited PAP-3 from Manduca sexta, whereas Egf1.0 R51A , whose reactive-site arginine was replaced with an alanine, had no PAP-3 inhibitory activity. Other experiments using wild-type and mutant constructs indicated that Egf1.0 blocks activation of the PO cascade via PAP inhibition. Overall, our results identify a novel inhibitor of the PO cascade and indicate that suppression of the host melanization response is functionally important for both the virus and its associated wasp. melanization ͉ virulence ͉ immunity ͉ parasite ͉ antiviral
T
he insect immune system consists of cellular and humoral components that innately defend against a diversity of invaders (1) (2) (3) (4) (5) . A conserved feature of the humoral immune response is the phenoloxidase (PO) cascade that regulates the formation of melanin (6, 7) . The PO cascade consists of multiple serine proteinases that terminate with the zymogen pro-PO. The number of proteolytic steps in the cascade is unknown for any insect, but the serine proteinases that activate pro-PO are called prophenoloxidaseactivating proteinases (PAPs; also PPAFs and PPAEs), which have been characterized from several species (8) (9) (10) (11) (12) (13) (14) . Immune challenge induces upstream proteinases in the cascade to activate PAPs by cleaving them between their clip and proteinase domains. Activated PAPs then process pro-PO to PO that catalyzes the hydroxylation of monophenols to o-diphenols and oxidation of o-diphenols to quinones. Polymerized quinones form melanin that accumulates around pathogens, encapsulated parasites, and wound sites, whereas free quinones and other reactive intermediates may contribute to the killing of foreign intruders trapped by melanin (7) . The main negative regulators are serine proteinase inhibitors of the serpin superfamily that maintain the PO cascade in an inactive state in the absence of immune challenge and down-regulate the cascade after infection (6) (7) (8) (9) .
Parasites and pathogens have evolved diverse strategies to evade host immune defenses (15) (16) (17) (18) (19) . Among the most virulent immunosuppressive pathogens of insects are symbiotic polydnaviruses (PDVs) associated with thousands of parasitoid wasps (18, 20) . Each PDV is genetically unique and persists as an integrated provirus in the genome of its associated wasp species. Transmission of the virus to parasitoid offspring is vertical through the germ line whereas viral replication is restricted to the reproductive tract of females. Wasps inject virions into hosts at oviposition that infect hemocytes and other tissues. PDVs do not replicate in the host, but viral gene expression suppresses several aspects of the host's immune system, including melanization. This immunosuppressive activity is essential for the survival of the wasp's offspring, but the virulence factors responsible for disabling melanization and other host defenses are largely unknown.
The braconid wasp Microplitis demolitor carries M. demolitor bracovirus (MdBV) and parasitizes the larval stage of several moth species (Lepidoptera). The 189-kb MdBV genome is divided among 15 DNA segments and encodes 61 predicted genes for products Ն100 aa (20) . The majority of these genes are related variants that form four families designated as the mucinlike cell surface genes (Glc family), protein tyrosine phosphatase (PTP) genes, IB-like genes (Vankyrins), and epidermal growth factor-like motif genes (Egf family). Here we report that the Egf family encodes proteins related to small serine proteinase inhibitors (smapins) (21) and that Egf1.0 blocks melanization by inhibiting PAPs.
Results
The Egf Gene Family Encodes Smapin-Like Proteins. Prior studies indicated that members of the Glc, PTP, and Vankyrin families disrupt phagocytosis, encapsulation, and NF-B signaling but are not responsible for disabling the host's melanization response (22) (23) (24) (25) . Sequence analysis, however, led us to consider the three-member Egf family located on MdBV genomic segment O (20) as melanization inhibitors (Fig. 1A) . Egf1.5 and Egf1.0 encode predicted proteins of 38.8 and 26.0 kDa that possess signal peptides (SP), an identical eight-cysteine-rich domain (CD), and C-terminal repeat domains (RD) comprising six or three near-identical 35-aa repeats arranged in tandem array. Egf0.4 encodes a predicted 11.7-kDa protein with an SP, a similar but not identical CD to Egf1.5 and Egf1.0, and no RD. Database searches revealed similarities in the cysteine spacing pattern of the Egf CDs and smapins that MEROPS (http:// merops.sanger.ac.uk) classifies into the I8 family on the basis of their 10 cysteine trypsin inhibitor-like (TIL) domains (26) (Fig.  1B) . We also noted similarities between the Egf proteins and the I40 family, which contains a single member, the fungal serine proteinase inhibitor F (FPI-F) from the silkmoth Bombyx mori, distinguished by an eight-cysteine CD. The cysteine spacing pattern of the Egf1.5/1.0 and Egf0. 4 CDs was identical to that of FPI-F, but overall sequence identity was only 27.5% and 23.5%, respectively (Fig. 1B) . In contrast, the CDs of Egf1.0/1.5 and Egf0.4 shared 43.4% and 47.2% identity with the TIL domain of the I8 family member and anticoagulant AcAPc2 from the hookworm Ancylostoma caninum.
MdBV preferentially infects the fat body and hemocytes of host insects as well as host-derived cell lines like High Five cells from Trichoplusia ni. Previous analyses indicated that expression of Egf family members begins within 2 h of infection and that transcript abundance for each gene remains at nearly steadystate levels over the 7 days required for M. demolitor development (22, (27) (28) (29) (30) . Egf1.5 and Egf1.0 are also the most abundant viral transcripts in infected hosts (27, 30) . Antisera generated against purified Egf1.0 and Egf0.4 from Escherichia coli detected Egf1.5, Egf1.0, and Egf0.4 in hemocytes and plasma from virus-infected hosts, indicating that each protein is secreted (Fig.  1C) . Anti-Egf1.0 cross-reacted with Egf1.0 and Egf1.5, as expected from their similar structures, whereas anti-Egf0.4 recognized Egf0.4 specifically. Egf1.0 and Egf0.4 were also detected in culture medium from High Five cells transfected with pIZT/ Egf1.0 or Egf0.4 (Fig. 1D) . No Egf proteins were detected in noninfected hosts or host cells (data not shown).
Egf1.0 Inhibits Hemolymph Melanization. Although conserved among arthropods (6, 7) , the serine proteinases and other proteins in the PO cascade are best characterized in the lepidopteran Manduca sexta (30, 31) . We therefore asked whether MdBV produces factors that inhibit melanization in M. sexta using a well established assay that measures melanin formation in a pro-PO-containing fraction of plasma after induction by the bacterium Micrococcus luteus (9, 10) . We first tested conditioned medium from MdBV-infected High Five cells reasoning that a viral inhibitor would most likely be secreted. Medium from virus-infected cells and cells transfected with pIZT/Egf1.0 significantly reduced PO activity, whereas medium from cells transfected with pIZT/Egf0.4 did not ( Fig. 2A) . Purified recombinant Egf1.0 from E. coli likewise dose-dependently reduced PO activity (Fig. 2B ). These results implicated Egf1.0 as a candidate inhibitor of melanization, yet MdBV expresses many other genes that could also have anti-melanization activity. To address this possibility, we silenced egf1.0/1.5 expression in MdBV-infected High Five cells by RNAi (22) . Conditioned medium from cells treated with Egf1.0/1.5 dsRNA completely lost its anti-melanization activity, whereas medium from cells treated with dsRNA to another abundantly expressed MdBV gene (glc1.8) retained its anti-melanization activity (Fig. 2C) . We also adapted the M. sexta activation assay to plasma from the hosts Pseudoplusia includens and T. ni, the non-host lepidopteran B. mori, and the mosquito Aedes aegypti. Egf1.0 inhibited melanization of plasma in each (data not shown), suggesting that it interacts with a conserved feature of the insect PO cascade.
A Target Proteinase of Egf1.0 Is PAP-3. Known smapins inhibit target proteinases by the Laskowski (classical) mechanism, which involves binding in a substrate-like fashion to produce an equilibrium between the uncleaved inhibitor and inhibitor cleaved at a single peptide bond in the reactive site loop (32) . Comparison of the reactive site loops of FPI-F and two characterized I8 members, the cathepsin G/chymotrypsin inhibitor from the honey bee Apis mellifera (AMCI) and AcAPc2 (33) (34) (35) , indicated their predicted scissile bonds reside in the same relative position (Fig. 3A) . By extension, the predicted P1-P1Ј position for Egf1.0 had the sequence Arg-Phe, which matched the predicted cleavage site for most insect pro-POs (Fig. 3A) . This suggested that Egf1.0 blocks melanization by inhibiting a PAP. Yet Egf0.4, which did not block PO activity, had the very similar P1-P1Ј sequence Lys-Phe that matches the scissile bond of endogenous PAP inhibitors like Serpin-3 from M. sexta and Spn27A from Drosophila (36) (37) (38) . M. sexta produces three PAPs that localize to integument (PAP-1) and hemolymph (PAP-2 and PAP-3) (9, 10). Each hydrolyzes the synthetic substrate IEARp-nitroanilide and cleaves pro-PO at the correct bond, but each also requires serine proteinase homolog (SPH) cofactors to produce active PO (10, 33) . To ask whether Egf1.0 and Egf0.4 are PAP inhibitors, we added recombinant Egf1.0 and Egf0.4 to purified PAP-3 plus IEAR-p-nitroanilide (9, 10). Egf1.0 strongly inhibited PAP-3 activity, but Egf0.4 did not (Fig. 3B) . Reducing Egf1.0 concentration increased the amidase activity of PAP-3 (Fig. 3C) , and immunoblotting experiments using antibodies to N-and C-terminal-specific epitope tags indicated that PAP-3 cleaved Egf1.0 into 20.2-and 20.9-kDa fragments corresponding to the predicted P1-P1Ј site (Fig. 3D) . We confirmed that the P1 arginine in Egf1.0 was required for PAP-3 inhibition by replacing the residue with an alanine to produce Egf1.0 R51A . This mutant had no inhibitory activity toward PAP-3 and was not cleaved into 20.2-and 20.9-kDa fragments ( Fig. 3 B and D) . In contrast, replacement of the P1 arginine with a lysine, as found in Egf0.4, produced a mutant (Egf1.0 R51K ) that inhibited and was cleaved by PAP-3 like wild-type Egf1.0 (Fig. 3 B and D) .
FPI-F and most smapins are Ͻ100 aa with little or no flanking sequence outside of their cysteine-rich or TIL domains (21). Egf0.4 has a similar structure, but Egf1.0 and Egf1.5 differ because of their C-terminal RDs (see Fig. 1 A) . To determine whether the RD is functionally important for Egf1.0 activity, we produced the mutants Egf1.0⌬RD, which consisted of only the CD domain, and Egf1.0⌬CD, which consisted of only the RD domain (Fig. 3E) . Egf1.0⌬RD significantly reduced the amidolytic activity of PAP-3 compared with the control, but its inhibitory activity was also weaker than wild-type Egf1.0. However, Egf1.0⌬RD did not block melanization of our plasma Asterisks indicate significant differences from the controls (PAP-3 assays, F 3,11 ϭ 72.0 and P Ͻ 0.001; pro-PO assays, F3,11 ϭ 44.9 and P Ͻ 0.001). (F) Inhibition of PO activity when Egf1.0 or Egf1.0⌬CD was added to the pro-PO activation fraction before or after the elicitor (M. luteus or PAP-3) and substrate. Treatment 1, Pro-PO fraction plus M. luteus and substrate (control); treatment 2, pro-PO plus M. luteus and substrate followed by Egf1.0 (50 pmol) 15 min later; treatment 3, pro-PO plus M. luteus and substrate followed by Egf1.0⌬CD (50 pmol) 15 min later; treatment 4, pro-PO plus Egf1.0 (50 pmol) followed by M. luteus and substrate 15 min later; treatment 5, pro-PO plus Egf1.0⌬CD (50 pmol) followed by M. luteus and substrate 15 min later. Asterisks indicate that treatments 4 and 5 differed significantly from the control (F 4,14 ϭ 33.2 and P Ͻ 0.001). Treatment 6, Pro-PO fraction plus PAP-3 (0.2 pmol) and substrate (control); treatment 7, pro-PO plus PAP-3 (0.2 pmol) and substrate followed by Egf1.0 (50 pmol) 15 min later; treatment 8, pro-PO plus PAP-3 (0.2 pmol) and substrate followed by Egf1.0⌬CD (50 pmol) 15 min later; treatment 9, pro-PO plus Egf1.0 (50 pmol) followed by PAP-3 (0.2 pmol) and substrate 15 min later; treatment 10, pro-PO plus Egf1.0⌬CD (50 pmol) followed by PAP-3 (0.2 pmol) and substrate 15 min later. Asterisks indicate that treatments 9 and 10 differed significantly from the control (F 4,14 ϭ 32.0 and P Ͻ 0.001).
fraction after stimulation by M. luteus (Fig. 3E) . Egf1.0⌬CD in contrast had no effect on the amidolytic activity of PAP-3 but significantly inhibited plasma melanization (Fig. 3E ).
Egf1.0 Is Unable to Inhibit Already Activated PO. The preceding results indicated that Egf1.0 is a PAP inhibitor, which in turn suggested that it suppresses the PO cascade before activation of PO itself. The data with Egf1.0⌬CD, however, raised the possibility that Egf1.0 could have other activities, including inhibition of already activated PO. If the former, we reasoned that melanin formation should be inhibited only if Egf1.0 is added to the pro-PO-containing fraction of plasma before activation by an elicitor. If Egf1.0 also inhibits activated PO, however, it should also block melanin formation when added to plasma after activation by an elicitor. Using M. luteus, we found that Egf1.0 and Egf1.0⌬CD inhibited melanization only if added to the plasma fraction before activation (Fig. 3F) . We then determined that purified PAP-3 also strongly elicits melanin formation (Fig.  3F) . This activity was significantly inhibited though if PAP-3 was preincubated with Egf1.0 or Egf1.0⌬CD but was not inhibited if Egf1.0 or Egf1.0⌬CD was added to plasma after activation by PAP-3 (Fig. 3F) . We also tested Egf1.0 against several other serine proteinases (bovine pancreatic trypsin, human plasmin, bovine pancreatic ␣-chymotrypsin, and porcine pancreatic elastase) in assays conducted over a range of concentrations. No inhibitory activity was detected toward any of these targets (data not shown), further supporting the conclusion that Egf1.0 is a selective PAP inhibitor. (18, 19) . These patterns indicate that both virus and parasitoid risk exposure to melanin or other products of the PO cascade in the absence of Egf1.0. We assessed whether suppression of the PO cascade is functionally significant by determining first whether MdBV and M. demolitor eggs elicit activation of the PO cascade. These assays revealed that both induced levels of melanin formation similar to M. luteus and that Egf1.0 blocked this response (Fig. 4A) . We then assessed whether activation of the PO cascade reduced MdBV and M. demolitor survival. MdBV viability decreased more than three log units after a 6-h exposure to activated PO, but no loss of viability occurred when Egf1.0 was present (Fig. 4B) . The viability of M. demolitor eggs declined 88% after only a 2-h exposure to activated PO, whereas almost no loss of viability occurred in the presence of Egf1.0 (Fig. 4C) .
Discussion
Given the role of serpins in regulating the PO cascade, we originally speculated that PDVs inhibit the host melanization response by encoding serpins themselves. Yet sequencing of MdBV and other PDVs has thus far not identified any serpin homologues (18) (19) (20) , suggesting that these immunosuppressive viruses have evolved other strategies for disabling melanization. In the case of MdBV, our biochemical data indicate that Egf1.0 suppresses activation of the PO cascade via PAP inhibition rather than by inhibiting activated PO itself. Our RNAi experiments support these results by indicating that the Egf genes are likely the only MdBV virulence factors responsible for this activity. The lack of inhibitory activity toward other serine proteinases combined with the ability of Egf1.0 to block melanization in different insects also suggests that this protein may have broad utility as a selective inhibitor of the PO cascade.
Our results with Egf1.0 indicate that both its CD and RD are important for activity and in turn suggest that Egf1.5 is also likely a PAP inhibitor. But our results do not fully reveal how the RD of Egf1.0 disables activation of pro-PO or whether the longer RD of Egf1.5 potentially confers different functional properties. The reduced inhibitory activity of Egf1.0⌬RD toward PAP-3 compared with wild-type Egf1.0 suggests that one function of the RD is in PAP recognition and positioning the reactive site loop in the CD so that it properly interacts with the catalytic domain of the enzyme. However, given that Egf1.0⌬CD does not inhibit the amidolytic activity of purified PAP-3 yet significantly inhibits melanization elicited by M. luteus or PAP-3, we suggest that RD binding must also disrupt the ability of PAP-3 to interact with the pro-PO complex and/or activate PO (6, 30, 31) . The lack of PAP inhibition by Egf0.4 in contrast is likely due to the absence of an RD rather than a differing basic residue (Lys) in its P1 position because Egf1.0 R51K activity was indistinguishable from wild-type Egf1.0. The target proteinase of Egf0.4 is unknown, but our results strongly indicate that it is not another PAP or proteinase in the PO cascade because Egf0.4 had no inhibitory activity in our pro-PO activation assays. In light of the broad immunosuppressive activity of MdBV (18, 19, (22) (23) (24) (25) , other serine proteinase networks of interest as targets for Egf0.4 include the Toll pathway and the pathway that regulates activation of plasmatocyte spreading peptide in Lepidoptera (39, 40) .
Both melanin and other factors produced during melanin synthesis have been suggested to play a role in killing invading pathogens and parasitoids (6, 7) . However, it is often unclear whether activation of the PO cascade is directly responsible for killing foreign invaders versus foreign invaders becoming melanized after dying from other causes (41, 42) . Several lines of evidence also suggest that multiple melanization pathways exist in insects with some pathogens activating pro-PO by one pathway and other pathogens activating pro-PO by another (31) . It was thus important in this study to determine whether MdBV and/or M Tris⅐HCl/0.02 M CaCl 2 (pH 8). Enzymes were preincubated with a given Egf protein at different molar ratios for 10 min before the addition of substrate-containing assay buffer. Amidase activities were measured at 405 nm and analyzed by one-way ANOVA. One unit of activity was defined as ⌬Abs 405 /min ϭ 0.0001. Viability Assays. Viability assays were conducted in 96-well plates containing a 1:20 diluted pro-PO plasma fraction from M. sexta, a physiological dose of MdBV (1.0 ϫ 10 8 infectious units) (29) or 10 newly laid M. demolitor eggs, and 2 mM dopamine in TC-100 medium (1 volume) plus 50 mM sodium phosphate buffer (pH 6.5) (1 volume). Recombinant Egf1.0 was added to half of the samples 10 min before adding substrate, MdBV, or parasitoid eggs. After 2 h, PO activity was measured and compared with control samples induced by M. luteus. MdBV viability was measured 0-6 h after incubation by end-point dilution assay using High Five cells (29). M. demolitor viability was measured by collecting eggs after 2 h, rinsing in TC-100 medium, and culturing in TC-100 medium plus 30% heatinactivated P. includens plasma (47) . An egg was scored as viable if it hatched to form a first-instar parasitoid after 30 h. Data were analyzed by ANOVA as described above.
